The effects of captopril on the response of cytosolic free Ca 2+ concentration in cultured vascular smooth muscle cells of aortas from Wistar-Kyoto and spontaneously hypertensive rats to angiotensin II (Ang II) and bradykinin were studied using fura 2. Incubation with captopril for longer than 10 minutes caused a decreased response of cytosolic free Ca 2+ to Ang II and bradykinin. Maximal effects of captopril were observed after a 40-minute incubation. The inhibitory effect of captopril was abolished in Ca 2+ -free medium, suggesting that captopril acts by blocking Ca 2+ influx. Similar effects were observed with enalaprilat. Isometric contraction of aortic strips induced by Ang II in normotensive rats was reduced from 6.5±2.5 to 1.8±0.6 mN by a 40-minute incubation with 1 /tmol/L captopril (P=.O16). Enalaprilat similarly decreased the Ang II-induced contraction. Besides the inhibition of the angiotensin converting enzyme, direct effects of Ang II converting enzyme inhibitors on vascular contraction and Ca 2+ influx in vascular smooth muscle cells may be of therapeutic relevance. (Hypertension. 1993;22:806-811.) KEY WORDS • calcium channel • captopril • angiotensin converting enzyme inhibitors • muscle, smooth, vascular A ngiotensin converting enzyme (ACE) inhibitors / \ were introduced in antihypertensive therapy in A. A . 1977.' The main mechanism of action is lowering the angiotensin II (Ang II) production in both plasma and tissues containing renin and the ACE. The long-term antihypertensive action of ACE inhibitors is not strictly correlated with inhibition of circulating ACE.
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The effects of captopril on the response of cytosolic free Ca 2+ concentration in cultured vascular smooth muscle cells of aortas from Wistar-Kyoto and spontaneously hypertensive rats to angiotensin II (Ang II) and bradykinin were studied using fura 2. Incubation with captopril for longer than 10 minutes caused a decreased response of cytosolic free Ca 2+ to Ang II and bradykinin. Maximal effects of captopril were observed after a 40-minute incubation. The inhibitory effect of captopril was abolished in Ca 2+ -free medium, suggesting that captopril acts by blocking Ca 2+ influx. Similar effects were observed with enalaprilat. Isometric contraction of aortic strips induced by Ang II in normotensive rats was reduced from 6.5±2.5 to 1. were introduced in antihypertensive therapy in A. A . 1977 . ' The main mechanism of action is lowering the angiotensin II (Ang II) production in both plasma and tissues containing renin and the ACE. The long-term antihypertensive action of ACE inhibitors is not strictly correlated with inhibition of circulating ACE. 3 Although the inhibition of tissue ACE 4 and possibly the accumulation of bradykinin by inhibition of kininase II 5 may help to explain the antihypertensive effects, other non-ACE-dependent mechanisms cannot be excluded. Among those, a postjunctional blockade of a-adrenergic vasoconstriction, 6 an inhibition of norepinephrine release from sympathetic neurons, 7 and an inhibition of Na + ,K + -ATPase 8 have been demonstrated. However, these effects were found with concentrations of an ACE inhibitor far exceeding those effective in blocking ACE. Furthermore, long-term ACE inhibition in spontaneously hypertensive rats (SHR) was found to affect Ca 2+ handling in vascular smooth muscle cells (VSMCs). 9 Because this was observed after intact animals had been treated with an ACE inhibitor, the question remained open as to whether ACE inhibitors can affect Ca 2+ handling in VSMCs directly. To examine this question, we studied the effect of ACE inhibitors on agonist-induced Ca 2+ transients in cultured VSMCs and on isometric contraction of aortic strips.
-

Methods
Cell Culture
All experiments were carried out using rat thoracic aortas isolated from 6-month-old male SHR (weight, 300 to 400 g; systolic blood pressure, 195 ±4 mm Hg, mean±SEM) of the Munster strain (Medizinische Universitats-PolikJinik, Munster, Germany) as previously described 10 and age-matched male normotensive Wistar-Kyoto (WKY) rats (systolic blood pressure, 116±3 mm Hg ). VSMCs were cultured according to previously described methods.
11 ' 12 Briefly, cells were incubated in Dulbecco's modified Eagle's medium (GIBCO, Eggenstein, Germany) containing 10% (vol/ vol) fetal calf serum (Boehringer, Mannheim, Germany), 100 U/mL penicillin G, and 100 /Ag/mL streptomycin. Cultures were incubated at 37°C in a humidified atmosphere of 95% .air and 5% CO 2 . The medium was changed initially after 24 hours and then every 2 to 3 days. When cells had formed a confluent monolayer after about 8 to 10 days, they were harvested by addition of 0.05% trypsin, and the culture was continued up to eight passages as previously described. 13 Separate experiments confirmed recent reports that resting cytosolic free calcium concentration ([Ca 2+ ]|) in cultured VSMCs was not significantly different in these passages. 14 To verify that cultured cells were VSMCs, we carried out immunocytochemical localization of smooth muscle-specific a-actin using monoclonal antibodies ASM-1 (Progen, Heidelberg, Germany) raised against smooth muscle a-actin and labeled with a fluorescence marker. 13 Staining of cultured VSMCs from SHR and WKY rats with this antibody revealed that all cells in the preparation were labeled, and actin stress fibers were seen throughout the cytosol. It was thereby confirmed that cultured VSMCs were free from contamination with endothelial cells or fibroblasts. A viability of VSMCs higher than 95% was observed by trypan blue exclusion. Cells were made quiescent by incubation in serum-free medium containing 0.1% bovine serum albumin, 100 U/mL penicillin, and 100 jig/mL streptomycin for 48 hours. 18 Briefly, VSMCs were washed twice in physiological salt solution (PSS) (mmol/L: NaCl, 135; K d , 5; C a d 2 , 1 ; MgCl, 1; D-glucose, 5.5; HEPES, 10, pH 7.4) and then incubated for 60 minutes at 37°C with 0.5 ^.mol/L fura 2-AM. At the end of the loading period, the coverslips were washed twice in PSS and inserted into quartz glass cuvettes with 2 mL PSS. After loading of the cells with fura 2, the experiments were continued only when a viability higher than 95% was observed by trypan blue exclusion. The fluorescence intensity of fura 2-loaded VSMCs was measured at 37°C using a spectrofluorophotometer RF-5001 PC (Shimadzu, Tokyo, Japan) equipped with a thermostatically controlled cuvette holder and with intracellular calcium measurement software (Shimadzu, Dusseldorf, Germany). The complete intracellular hydrolysis of fura 2-AM to fura 2 was judged by changes in the excitation and emission spectra. The fluorescence of fura 2 was measured using a data sampling interval of 0.5 seconds with alternate excitation wavelengths of 340 and 380 run (bandwidth, 5 nm), and emission was collected at 510 nm (bandwidth, 5 nm). Autofluorescence was measured in similar cells that had not been loaded with fura 2-AM and was less than 5% of the total fluorescence of fura 2-loaded VSMCs. After the subtraction of autofluorescence for each wavelength, the ratio (R) of the measured fluorescence values at 340 and 380 nm excitation was calculated. 15 ' 16 As reported by Cobbold and Rink 19 for fura 2 -which exists in only two forms, free and calciumbound-the signal from these two wavelength pairs is uniquely determined by the ratio of free and bound dye and therefore by the free cytosolic calcium. The ratio method eliminates the variation due to instrumental fluctuations and changes in the dye content of the cells, eg, due to bleaching or leakage. 19 The 340/380 nm excitation ratio of resting VSMCs remained constant during the whole experiment, indicating a stable resting [Ca 2+ ] t in VSMCs. Calibration of the fluorescence signal in terms of [Ca 2+ ]i was performed with digitonin and EGTA after each measurement. Digitonin (1 mmol/L) and EGTA (5 mmol/L) were sequentially added to determine the maximum (R^n) and minimum ( R^) of the 340/380 nm excitation ratio, respectively. Control experiments confirmed that further increase of the digitonin or EGTA concentration had no effect on R msi or R^, respectively. plus digitonin, and K D represents the dissociation constant of fura 2 for Ca 2+ , which was set to be 224 nmol/L according to Grynkiewicz et al. 15 Leakage during the measurement was less than 4% of the total fluorescence as observed by quenching external fluorescence with 100 mol/L MnCl 2 as described elsewhere. 
Preparation of Aortic Strips
Experiments were performed in aortic strips from male WKY rats and SHR as indicated above. The thoracic aorta was excised and transferred into a medium equilibrated with 95% O 2 and 5% CO 2 , pH 7.4, at 4°C. The vessels were freed of connective tissue under a dissecting microscope. The aortas were cut spirally, and 10x1.5 mm strips were suspended in an organ bath containing 5 mL of the medium kept at 3TC The tension developed by the aortic strip was measured under isometric conditions by a force transducer (Swema, Stockholm, Sweden; maximum amplitude, ±25 mN). The resting tension was set at 10 mN.
Statistical Analysis
Data are presented as mean±SEM. Where error bars do not appear on figures, errors are within the symbol size. Original tracings shown were computed by locally weighted scatterplot smoothing (GraphPad Software Inc, San Diego, Calif). Results were tested for statistical significance using analysis of variance. Two-tailed P values less than .05 were considered significant.
Results
Resting [Ca
2+
]i was similar in VSMCs from WKY rats and SHR (69±5 nmol/L, n=78, and 73±5 nmol/L, n=71, respectively). 
Effect of Captopril on Angiotension II-and
Time Dependence of Captopril Effects
Incubation with captopril for various time intervals revealed that an incubation of 40 minutes was necessary to obtain maximal effects of captopril in both normotensive and hypertensive cells (Fig 3) . Whereas in VSMCs preincubated for 10 minutes with captopril the response to Ang II was not significantly changed, incubation for 40 minutes diminished the Ang II-induced increase in [Ca 2+ ],. In VSMCs of SHR, the Ang II response decreased from 106+7 to 39±9 nmol/L (7><.01, n=57). In WKY rats, the inhibitory effect on the Ang II response in normotensive VSMCs was slightly less pronounced although still significant (from 90±10 to 51±16 nmol/L, P<.05, n=53). When VSMCs of SHR and WKY rats were incubated in control buffer for 40 minutes, the Ang II response was 119% and 113%, respectively, of the initial value (Fig 4) .
Effect of External Calcium on Captopril Effects
We next investigated whether captopril exerts its effects on Ang II-induced calcium influx or on Ang II-induced [Ca 2+ ], release from internal stores. 
Mechanism of Captopril Action on Calcium Channels
The measurements in the absence and presence of external calcium indicated that captopril primarily acted on calcium influx, for example, due to interaction with calcium channels, so we investigated whether Ang IIinduced calcium influx may be blocked by the calcium channel antagonist nifedipine. In VSMCs of WKY rats and SHR, nifedipine significantly diminished the Ang II-induced [Ca 2+ ], increase from 92±14 to 50±ll nmol/L (n = 12) and from 101±15 to 56±13 nmol/L (n=ll), respectively (each nifedipine effect P<.05 compared with control response; each response in the presence of nifedipine statistically significant at P<.01). On the other hand, calcium uptake induced by 100 mmol/L KCI was not significantly reduced by preincubation of VSMCs with 100 ^imol/L captopril (lll±30 versus 87±28 nmol/L in WKY cells, 123±25 versus 102±31 nmol/L in SHR cells; each n=8).
The Ang II response after administration of both nifedipine and captopril was 47±16 and 44±18 nmol/L in WKY rats and SHR, respectively (each n=7, NS compared with the Ang II response under nifedipine).
Effect of Captopril on Bradykinin-Induced [Ca 2+ ], Increase
Fig 5 summarizes the effects of captopril on the bradykinin-induced [Ca 2+ ]| increase in VSMCs. The inhibitory effect of captopril was essentially similar to but more pronounced than that with Ang II. After a 40-minute incubation with captopril, the bradykinininduced [Ca 2+ ], increase was reduced in VSMCs of WKY rats from 114±27 to 11±7 nmol/L (n=20, P<.01) and in VSMCs of SHR from 140±36 to 12±8 nmol/L (n=21, P<.01). In a Ca 2+ -free, EGTA-containing medium, no effect of captopril on bradykinin-induced [Ca 2+ ], increase could be observed. Fig 6 shows the effect of 1 ^mol/L captopril on the isometric contraction of an aortic strip of a WKY rat induced by 100 mmol/L KCI and 100 nmol/L Ang II. After a 40-minute incubation with captopril, the response to Ang II was significantly reduced from 6.5±2.5 to 1.8±0.6 mN (n=7, f<.05), whereas the response to KC1 remained unchanged (12.7+1.2 and 12.0+1.7 mN before and after captopril, respectively). In contrast, a 10-minute incubation did not inhibit the Ang II-induced contraction significantly (6.2±3.0 mN, NS compared with initial contraction). Incubation with 1 jtmol/L enalaprilat reduced the Ang II-induced contraction in a similar way as shown for captopril, from 6.8±2.7 to 1.5+0.7 mN (n=6, F<.05). In aortic strips from SHR, 1 jtmol/L captopril had similar effects. The response to Ang II was reduced from 7.9+1.8 to 2.4±1.6 mN (n = 7, / ) <.05). 21 The concept that dihydropyridines and ACE inhibitors act on the Ca 2+ channel by different independent mechanisms is further supported by the observation that the maximal inhibitory effect of nifedipine was not further enhanced by captopril. Alternatively, it cannot be excluded that ACE inhibitors block a Ca 2+ channel not affected by KC1 and dihydropyridines.
Effect of Enalaprilat
Effect of Angiotensin Converting Enzyme Inhibitors on Contraction of Aortic Strips
Discussion
The inhibitory effects of ACE inhibitors on Ang II-induced changes in [Ca 2 "
1 "], of VSMCs were paralleled by a decrease in the Ang II-induced contraction of aortic strips. Therefore, the inhibitory effect of ACE inhibitors is not restricted to isolated cultured VSMCs, and the changes in Ca 2+ handling are reflected by analogous changes in contractile behavior.
The chemical structure of captopril does not suggest that Ca 2+ chelating properties underlie the observed effects. The time course of the captopril effect is compatible with the view that a diffusion of captopril into the plasma membrane or the VSMCs is a prerequisite for the inhibition of agonist-induced Ca influx. A binding to the surface of the cell membranes should occur within some seconds after administration of captopril, whereas the inhibitory effect of captopril was expressed not earlier than after 30 minutes. The inhibitory effect on transients of [Ca 2+ ], was similar with captopril and enalaprilat. With the use of enalaprilat, which is more lipophilic than captopril, the suppression of the Ang II response did not occur significantly earlier. This finding suggests that the penetration of the cell membrane is not the rate-limiting process but rather the binding of ACE inhibitors to cytosolic binding sites.
Interestingly, Sada et al 9 found that long-term treatment of SHR with ACE inhibitors abolished the increase in muscle tension of aortic strips after addition of external Ca 2+ . Furthermore, resting [Ca 2+ ], in aortic smooth muscle cells was lowered by long-term treatment with an ACE inhibitor, and the increase in [Ca 2+ ], elicited by a Ca 2+ channel activator was blunted. Although these effects were produced by long-term ACE inhibition in the intact animal and therefore could also be an indirect consequence of ACE inhibition, these observations are similar to those observed in isolated VSMCs in the present study. Several indications of non-ACE-dependent actions of ACE inhibitors on vasculature exist in the literature. Postjunctional blockade of a-adrenergic transmission, inhibition of norepinephrine release, and inhibition of Na + ,K + -ATPase have been reported. 68 However, these effects were observed with concentrations that are not clinically relevant. Furthermore, the effect of captopril and lisinopril on the growth of VSMCs was studied. Schiffers et al 22 did not find a change in growth responses to exogenous growth factors when VSMCs were incubated with these ACE inhibitors.
Do the inhibitory effects of captopril on the agonistinduced Ca 2+ influx in VSMCs play a role in the therapeutic effect of ACE inhibitors? Peak plasma levels of 0.8 to 1.8 jig/mL were measured after oral administration, that is, approximately 5 to 10 /xmol/L captopril. 23 One captopril concentration used in the present study (1 £imol/L) thus was in the therapeutic range. Although a dependence of the antihypertensive effects of ACE inhibitors on Ang II converting enzyme inhibition is known, a direct effect on vascular smooth muscle contraction may be an additional mechanism of action. Several explanations for this observation were proposed, such as an accumulation of bradykinin by inhibition of kininase II 5 and the inhibition of Ang II production by local renin-angiotensin systems. 4 Thus, at present, it must remain open as to whether the described effects of captopril are clinically relevant compared with the other non-ACE-dependent effects of this substance. Further studies will have to show whether this action of ACE inhibitors is of clinical importance.
